To elucidate the cellular mechanisms of glucose intolerance associated with aging, both the protein and mRNA levels of glucose transporter isoforms were studied in the various tissues of young (7-week-old) and aged (20-monthold) rats. GluT4 (adipose/muscle-type glucose transporter) protein, which is specifically expressed in insulin-responsive tissues, was selectively decreased per milligramme of cellular membrane protein in both the epididymal fat tissues and the gastrocnemius muscle of the aged rats compared with the young rats. When the changes in total cellular membranes per gramme of tissue are taken into account, a further decrease in GluT4 protein per gramme of tissue was observed in the tissues of the aged rats compared with the young rats. The decreased amount of GluT4 protein in the fat tissues of the aged rats is probably due to the decreased protein synthesis rather than the stability, since GluT4 mRNA/gg of cellular total RNA was also decreased. In contrast, GluT4 mRNA in the gastrocnemius muscle was rather increased and a ratio of GluT4 protein/GluT4 mRNA was decreased by 70% in the aged rats, suggesting that the translational efficiency and/or stability of GluT4 protein is decreased in the skeletal muscle of the aged rats compared with the young rats. GluT2 (livertype glucose transporter) protein and mRNA in the liver were also decreased in the aged rats, while no apparent decrease in GluT1 (HepG2/brain-type glucose transporter) protein/mg of cellular membrane protein was observed in the skeletal muscle and fat tissues of the aged rats compared with the young rats. Thus, the tissue and isoform-specific alterations of glucose transporter expression are associated with aging and may contribute to glucose intolerance observed with aging.
aging.
Impaired glucose tolerance has long been known to accompany aging [1] [2] [3] . However, relatively little is known about its mechanisms. Conflicting results have been reported on the changes of insulin binding during aging [2] [3] [4] [5] [6] and several studies have demonstrated that this age-related carbohydrate intolerance is due, at least in part, to a post-receptor defect in insulin-mediated peripheral glucose uptake [2] [3] [4] [5] [6] [7] . In addition, a decrease in inhibition of hepatic glucose output by physiological concentrations of insulin with age has also been reported [1, 2, 8] .
Glucose transport across the plasma membrane is mediated by carrier proteins termed glucose transporters [9, 10] . Recent cDNA cloning has demonstrated that the facilitative glucose transporters comprise a family of structurally related proteins with different tissue distributions [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . We have studied the GluT1 glucose transporter mRNA in various tissues of fetal and adult rats and have demonstrated that significant changes in glucose transporter expression occurred during the developing period [21] . Glucose transporter expression is also altered in many physiological and pathological conditions such as diabetes mellitus [22] [23] [24] , which contributes to the insulin resistance observed in this disease. These results suggest that quantitative and/or qualitative changes of the expression of glucose transporter isoforms may play an important role in age-related impaired glucose tolerance. In an effort to further elucidate the mechanisms of glucose intolerance in aging, we have investigated the age-related changes of the protein and mRNA levels of glucose transporter isoforms in the rat skeletal muscle, fat tissue and liver.
Materials and methods

Animals
Seven-week and 20-month-old male rats of Wistar strain (Nisseizai, Tokyo, Japan) were used as the young and the aged rats, respectively. The animals were fed ad libitum and killed between 10.00 and 11.00 hours without overnight fast. Basicall3; three rats were used for each group and termed A, B, C in the young rats and D, E, F in the aged rats. However, because the RNA of the skeletal muscle was found to be degraded during the preparation, another set of three young rats and three aged rats were used for western and northern blotting of the skeletal muscle. In addition, there were not enough epididymal fat tissues of one young rat for both Western blotting and Northern blotting. Therefore, 12 young rats were used for preparing total RNA for three groups (four rats for one group) of the young rats. Thus, the young rats used for northern blotting of the fat tissues and the rats used for the study of the skeletal muscle were neither rat A,B, C nor rat D,E,E J.-L. Lin et al.: Glucose transporter expression with aging
Preparation of membranes
Total membrane particulate fractions from rat tissues were prepared as previously described with some modifications [25] . Rat epididymal fat tissues and the entire gastrocnemius muscle were excised and homogenized by Polytron (Kinematica, Littau, Switzerland) in 10 mmol/l Tris-HC1, i mmol/1 EDTA, 250 mmol/1 sucrose, pH 7.4, containing 1 retool/1 phenylmethyl sulphonyl fluoride. The homogenates were centrifuged at 900 • g for 10 min at 4 ~ to sediment the fraction containing mainly the nuclei and mitochondria. The resulting supernatant was centrifuged at 146,000 x g for 75 min at 4~ to yield a pellet designated as the total membrane fraction in this study. To prepare the total membrane particulate fractions from the livers, rat livers were excised and 3-6 g of each liver slice was homogenized by a Potter-Elvehjem glass-Teflon homogenizer in 25ml of 10 mmol/1 Tris-HC1, 1 mmol/1 EDTA, 250 retool/1 sucrose, pH 7.4, containing 1 mmol/1 phenylmethyl sulphonyl fluoride and 1000 units/ml of aprotinin. The homogenates were centrifuged at 700 x g for 10 min at 4 ~ to sediment the fraction containing mainly the nuclei and mitochondria. The resulting supernatant was centrifuged at 146,000 • g for 75 rain at 4 ~ to yield a pellet designated as the total membrane fraction of the liver in this study.
Western blot analysis
Production and characterization of antibodies raised against synthetic peptides corresponding to the COOH-terminal domain of the rat GluT1 glucose transporter (residues 478-492), rat GluT2 glucose transporter (residues 508-522) and rat GluT4 (residues 495-509) have been previously described [25, 26] . Membrane fractions (0.1 mg) prepared as described above were suspended in 1% sodium dodecyl sulphate (SDS) and 50 mmol/1 dithiothreitol and subjected to SDS-polyacrylamide (10%) gel electrophoresis as described by Laemmli [27] . Electrophoretic transfer to nitrocellulose paper and detection of the immunocomplex with 125I-labelled protein A (Amersham Co, Amersham, Buckinghamshire, UK) were carried out as described previously [28] using antisera at a final dilution of 1:40. The dried blots were autoradiographed using Fuji RX x-ray film and intensifying screen at -70 ~ Prestained molecular weight standard (Bio-Rad, Richmond, Va, USA) was used for estimation of the molecular weight. The experiments were performed at least twice for each tissue with similar results. 
Northern blot analysis
Cellular total RNA was prepared from rat tissues by the lithium/urea procedure as described previously [21] . RNA (20 ~tg) was denatured with formaldehyde, separated by 1.2% agarose gel electrophoresis [29] , and transferred onto a nitrocellulose filter (Schleicher and Schuell, D assel, FRG). The cDNA for glucose transporter isoforms were prepared as previously described [21, 26] and the MaeI fragment of rabbit GluT1 cDNA (nucleotide 111-2230), EcoRI fragment of mouse GluT2 cDNA (nucleotide 1-1552), and DraI-XbaI fragment ofrat GluT4 cDNA (nucleotide 143 1947) were labelled with 32phosphate by random priming and used for the measurement of rat GluT1, GluT2 and GluT4 mRNA, respectively. Hybridization of the filters with the probes was carried out in 50% formamide, 5 x SSC (1 x SSC = 150 mmol/1NaC1,15 mmol/1 sodium citrate), 5 x Denhardt's solution (1 • Denhardt's solution = 0.02% polyvinyl pyrrolidone, 0.02% Ficoll, 0.02% bovine serum albumin), 50 mmol/l sodium phosphate buffer, ph 7.0,1% SDS at 42 ~ The filters were washed with 0.2% SDS, 0.5 • SSC at 42~ for 30 min and subjected to autoradiography. The experiments were carried out at least twice for each tissue with similar results being obtained.
Results
The characteristics of the experimental animals are shown in Table 1 . The weight of fat tissues was m a r k e d l y increased in the aged rats c o m p a r e d with the young rats.
T h e weight of gastrocnemius and liver was also increased in the aged rats c o m p a r e d with the young rats. Plasma glucose levels were not significantly different b e t w e e n the y o u n g and the aged rats.
Fat tissues
Since rat fat tissue contains two glucose transporter isoforms, GluT1 and G l u T 4 [25, 30] , Western blotting was p e r f o r m e d for these two glucose transporter isoforms.
T h e antibody raised against the C O O H -t e r m i n a l d o m a i n of G l u T 4 glucose transporter recognized a 50,000-Mr protein ( Fig. 1, left panel) . The size of this protein b a n d is similar to that reported for rat GluT4. This p r o t e i n b a n d is also observed in the low density microsomes p r e p a r e d from isolated adipocytes and is decreased in this m e m - brane fraction by insulin treatment of the cells (data not shown), indicating that this protein band is indeed GluT4. Interestingly, GluT4 glucose transporter in the fat tissues of aged rats is markedly decreased compared with that of young rats. Quantitation of the radioactivity in the GluT4 glucose transporter band isolated from the nitrocellulose paper revealed that the amount of GluT4 per mg of cellular membrane protein was decreased by 58% in the fat tissues of the aged rats compared with that observed in the young rats. Although the total cellular membrane protein per one epididymal fat pad was greater (4.4 fold) in the aged rats compared with the young rats, the amount of GluT4 per one epididymal fat pad was increased a little less than two-fold in the aged rats compared with the young rats. Quite different results were obtained on GluT1 glucose transporter (Fig.l, right panel) . The amount of GluT1 glucose transporter isoform per mg of cellular membrane protein of fat tissues, which was recognized with the antibody raised against the COOH-terminal domain of the rat GluT1 glucose transporter [25] , was not altered between the young and aged rats. Because the amount of GluT4 in rat fat tissues was markedly decreased in the aged rats, we then studied the level of rat GluT4 mRNA. Rat GluT4 cDNA hybridized to 2.8 kilobases of m R N A from the fat tissues of the young and the aged rat under stringent hybridization conditions. This size class of m R N A was identical to that previously reported for rat GluT4 mRNA. The GluT4 m R N A per gg total R N A in the fat tissues of aged rats was decreased to 33% of that in the young rats (Fig. 2) .
Skeletal muscle
The skeletal muscle plays a much more important role in glucose handling compared with the adipose tissues [31] and is likely to be more responsible for insulin resistance 479 associated with aging. Therefore, we studied glucose transporter protein and m R N A in the gastrocnemius muscle of the young and the aged rats. As shown in Figure 3 , the Mr 50,000 protein was recognized with the antibody against COOH-terminal domain of GluT4 glucose transporter in the muscle of both young and aged rats. This protein was also recognized in the low density microsomal fraction of rat adipocytes (lane 7). The membranes obtained from the gastrocnemius, which derived from a mixture of cell types, contained a considerable amount of GluT4, considering that the muscle membranes used were crude and that the low density microsome of adipocytes was a special subcellular membrane fraction rich in glucose transporter. Quantitation of the radioactivity in GluT4 protein band revealed that the amount of GluT4 protein per unit weight of muscle membrane was significantly decreased in the aged rats compared with the young rats (8,890+ 1,101cpm in the young rats vs 6,189+ 793 cpm in the aged rats, p < 0.05). The membranes recovered from the gastrocnemius were increased two-fold in the aged rats compared with the young rats. Thus, the amount of GluT4 per one gastrocnemius muscle was increased by only 50% in the aged rats compared with the young rats, although the weight of the gastrocnemius was increased approximately three-fold in the aged rats. GluT1 glucose transporter was also present in the membranes obtained from gastrocnemius (Fig. 3, right panel) . In contrast to the changes in GluT4, no apparent difference in the amount of GluT1 was observed in the gastrocnemius between the young and aged rats, similar to the results observed in the fat tissues. GluT4 m R N A level was also determined by using rat GluT4 cDNA as a probe. Surprisingly, the amount of 2.8 kilobase m R N A for GluT4 per gg of cellular total R N A was rather increased in the aged rats (Fig. 4 A) . This is not due to the difference in the amount of applied R N A or degradation of RNA, as demonstrated by staining of the R N A in the gel with ethidium bromide (Fig. 4B) . Densitometric scanning revealed that a relative density of the band for The amount of cellular total RNA per one gastrocnemius muscle was increased 2.5-fold in the aged rats compared with the young rats. Thus, the amount of GluT4 m R N A per one gastrocnemius muscle of the aged rats was considerably increased (4.6-fold) compared with that of the young rats.
Liver
We next studied the amount of GluT2 in the livers of the young and aged rats. We used the COOH-terminal specific anti-peptide antibody [26] for Western blotting. This antibody identified the major protein with apparent molecular weight of 55,000 in rat liver membranes (Fig. 5) . Other minor protein bands, 51,000, 43,000, 31,000-Mr protein, were also recognized. These three proteins were likely to be degraded GluT2 protein, since these bands were also recognized with affinity-purified antibody [25] but not with antisera raised against the COOH-terminal domain of rat GluT4. Quantitation of the radioactivity in the 55,000-Mr GluT2 glucose transporter band isolated from the nitrocellulose paper demonstrated that the amount of GluT2 in the liver from aged rats was 58% of that observed in the young rats.
The level of rat GluT2 m R N A in the livers was then studied. Fragments of mouse GluT2 cDNA [32] hybridized to 2.8 kilobases of m R N A from the livers of the young and aged rats under stringent hybridization conditions (Fig. 6 ). This size was compatible with that previously reported for rat GluT2 m R N A [26] . The GluT2 m R N A per gg cellular R N A of the liver was markedly decreased in the aged rats compared with the young rats. Densitometric scanning of the 2.8 kilobase bands revealed that the amount of liver GluT2 m R N A in the aged rats was 53% of that in the young rats.
Discussion
The amount of GluT4 glucose transporter was markedly decreased per mg cellular membranes of the epididymal fat tissues in the aged rats, while the amount of GluT1 was not altered compared with the young rats. Thus, expression of GluT4 glucose transporter isoform was selectively decreased in rat epididymal fat pads in association with aging. These findings are interesting in that similar changes in glucose transporter isoforms are observed in the fat tissues from streptozotocin-induced diabetic rats which also exhibit a decrease in insulin sensitivity [22] [23] [24] . GluT4 is a dominant glucose transporter species in fat cells [25, 30] . Furthermore, unlike GluT1 most of the GluT4 glucose transporters remain in the intracellular compartment in the basal state [30] . This means that glucose transporters which are able to be translocated to the plasma membranes upon insulin stimulation are decreased in the fat tissues in the aged rats compared with the young rats. The studies presented were performed not in isolated adipocytes but in adipose tissues also containing non-adipose cells such as connective tissue cells, which were likely to be a major source for GluT1 in the adipose tissues. It is also possible that the cell membrane protein of various cell types may chang with age. Thus, the results on GluT1 in adipose tissues may not reflect the alteration of GluT1 in isolated adipocytes. Studies in isolated adipocytes are also needed to determine whether or not the decreased stimulation of glucose transport by insulin in adipocytes of the aged rats [33] is at least partly due to the decreased number of GluT4 glucose transporters per adipocyte.
Although the total cellular membrane per one epididymal fat pad is increased in the aged rats compared with the young rats probably due to the larger tissue of the aged rats, the amount of GluT4 per one epididymal fat pad was increased approximately only two-fold in the aged compared with the young rats. This two-fold increase does not match with the increase in the body weight (approximately three-fold) observed in the aged rats. This consideration is necessary because insulin resistance in the aged rats was characterized by a decreased disposal of the glucose, which was administered on a body-weight basis [34] , and decreased glucose disappearance per body weight during euglycaemic clamp [7] . However, the relative decrease in GluT4 in the fat tissues probably does not make a significant contribution to insulin resistance observed in the aged rats, since fat tissues play a relatively small role in utilizing glucose compared with skeletal muscle.
Similar changes in glucose transporter were observed also in the skeletal muscle, gastrocnemius. GluT4 but not GluT1 was selectively decreased per mg of cellular membrane of gastrocnemius in the aged rats compared with the young rats (Fig. 3) . Similar to the case of adipocytes, glucose transporter resides both on the cell surface and in the intracellular pool in the skeletal muscle and insulin causes a recruitment of glucose transporter from intracellular pool to the cell surface [35] , which appears to be partly responsible for the increased glucose uptake induced by insulin: If one can assume that a relative distribution of glucose transporter between the cell surface and intracellular compartment in the nmscle does not change with aging in the basal state, the decrease in GluT4 but not in GluT1 in the muscle of the aged rats might be responsible for the decreased basal glucose uptake in the skeletal muscle of the aged rats compared with the young rats [34, 36] . Significantly, fewer glucose transporters available for translocation to the plasma membrane are likely to be responsible for a decrease in maximal insulin-stimulated glucose uptake in the muscle of the aged rats compared with the young rats [34, 36] .
Skeletal muscle is the main tissue responsible for insulin-induced glucose disposal in vivo and glucose transport is known to be a rate-limiting step for glucose utilization in the skeletal muscle. Therefore, glucose transporter which catalyses glucose transport across the plasma membrane of the muscle plays an important role in regulation of plasma glucose levels. In this context it is very interesting that GluT4 in the gastrocnemius was relatively decreased (approximately 50%) in the aged rats, i.e. the amount of GluT4 per one gastrocnemius muscle was increased by only 46% in the aged rats compared with the young rats, while body weight was increased three-fold. This relative decrease in GluT4 is likely to be, at least in part, responsible for insulin resistance observed in the aged rats.
In addition to the alteration of GluT4 in the fat tissues and skeletal muscle, the expression of liver-specific glucose transporter isoform, GluT2, is also decreased in the livers of the aged rats. The decreased GluT2 protein is probably due to the decreased GluT2 protein synthesis, since GluT2 mRNA is observed to be also decreased (Fig. 6 ). However, it is difficult to interpret these results, because a functional role of GluT2 in the liver is not clear at present. The glucose uptake process across the hepatic plasma membrane does not appear to be rate-limiting for glucose metabolism in the liver or to be regulated by insulin [37, 38] . Therefore, it does not appear to be likely that the decreased amount of GluT2 in the liver contributes to the decreased glucose disposal after glucose load in the aged rats. We previously reported that GluT2 in the liver was increased in streptozotocin-induced diabetic rats and speculated that increased GluT2 may contribute to the increased glucose output that occurs from hepatocytes during insulin deficiency [26] . It has been reported that the hepatic glucose output in the basal state is not different between young human subjects and healthy elderly human subjects [1, 2] , although there have been conflicting results on inhibition of hepatic glucose output by insulin or by glucose ingestion in the young and the elderly [1, 2, 8, 39] . A functional role of GluT2 in the liver as well as the physiological significance of the decreased GluT2 in the livers of the aged rats requires further investigation.
Although GluT4 protein in the epididymal fat tissue and gastrocnemius muscle is decreased in the aged rats, changes in mRNA levels for this isoform are different between these tissues. The GluT4 mRNA in the fat tissue is decreased per ~tg cellular RNA as shown in Figure 2 , suggesting that the changes in protein levels are probably due to alteration in GluT4 protein synthesis rater than stability. In contrast, GluT4 mRNA in the muscle was rather increased per ~tg cellular total RNA. When the changes in the RNA per g tissue are taken into account, the amount of GluT4 mRNA per one gastrocnemius of the aged rats were increased 4.6-fold compared with the young rats. The GluT4 protein was increased only 1.5-fold per one gastrocnemius. Thus, a ratio of GluT4 protein/GluT4 mRNA was decreased to approximately 30% in the aged compared with the young rats. Thus, the decreased amount of GluT4 in the skeletal muscle may be due to decreased translation of GluT4 mRNA and/or increased degradation of GluT4 protein. Although the results in this study might be due to differences in physical activity or tissue size between the young and the aged rats, rather than aging per se, the mechanisms for the decreased GluT4 in the muscle and fat tissues of the aged rats and the way to prevent it should be investigated in the future.
